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We present and characterize a two-dimensional (2D) imaging spectrometer based on a virtually imaged phased array
(VIPA) disperser for rapid, high-resolutionmolecular detection usingmid-infrared (MIR) frequency combs at 3.1 and
3.8 μm.We demonstrate detection of CH4 at 3.1 μmwith>3750 resolution elements spanning>80 nmwith ∼600 MHz
resolution in a <10 μs acquisition time. In addition to broadband detection, we also demonstrate rapid, time-
resolved single-image detection by capturing dynamic concentration changes of CH4 at a rate of ∼375 frames
per second. Changes in absorption above the noise floor of 5 × 10−4 are readily detected on the millisecond
time scale, leading to important future applications such as real-time monitoring of trace gas concentrations
and detection of reactive intermediates. © 2012 Optical Society of America
OCIS codes: 120.6200, 300.6340.

Mid-infrared (MIR) frequency comb spectroscopy in the
fundamental molecular vibration fingerprint region is a
topic of growing interest with applications to challenging
measurement fields such as environmental monitoring,
health, security, and chemical diagnostics. Thus far, MIR
comb spectroscopic approaches have employed a single
point detector [1–3] or upconversion to the near infrared
for CCD-based detection [4]. Single point detection has
the benefits of simplicity, excellent spectral resolution
and a high acquisition speed, but can suffer from detector
saturation and related signal-to-noise ratio limitations [5].
On the other hand, a detector array that distributes the
signal among multiple detection channels alleviates
saturation while maintaining spectral bandwidth and
speed. Here we introduce a spectrometer based on a vir-
tually imaged phased array (VIPA) disperser [6–8] that
operates with an InSb array detector in the MIR. We char-
acterize the resolution, sensitivity, and noise properties
of a novel spectrometer and analyze its potential for
time-resolved, broad-bandwidth trace gas detection.
Figure 1(a) outlines the experimental setup for which a

stabilized 100 MHz femtosecond optical parametric oscil-
lator (OPO) provides broadband light tunable from 2.5
to 4.5 μm [9]. Additionally, a tunable sub-MHz linewidth
continuous-wave (CW) source based on difference–
frequency generation (DFG) allows measurement of the
resolution and the free spectral range (FSR) of the VIPA
spectrometer. The VIPA itself is a tilted etalon disperser
[6] fabricated from Si (0.8 mm thick, n ∼ 3.43 @ 3.3 μm).
Except for an AR-coated entrance window, the input side
is coated with a high reflector (∼99.8%), while the output
side is coated with a partial reflector (97%–98%). To sepa-
rate each diffraction order, the VIPA output is cross-
dispersed horizontally with a 450 l ∕mm grating. This
provides a two dimensional (2D) image recorded with a
liquid N2 cooled InSb array detector (640 × 512 pixels,
20 μm pitch, 120 Hz maximum full frame rate). As shown
in Fig. 2(b), the image of the broadband OPO light with

unresolved 100 MHz comb line spacing appears on the
detector array as vertical lines separated by the VIPA
free-spectral range (FSR).

We characterized the MIR VIPA in two different ways.
First, we used the tunableCWsource [Fig. 1(b)] to directly
measure the resolution of the 97% reflectivity VIPA ima-
ging system to be ∼600 MHz (0.020 cm−1). The resolution
is roughly constant across the image but depends on the
angle of incidence into the VIPA, as is demonstrated in
Fig. 1(d). The FSR of the VIPA is experimentally deter-
mined as 53.5(9) GHz, which agrees with the expected
value of 54.5(2) GHz at a 15° incidence angle. Secondly,
these results are confirmed in a separate VIPA spectro-
meter experiment using a 2.0 GHz MIR comb at 3.8 μm
(generated from a cavity-filtered 137 MHz OPO) that al-
lows individual comb lines to be resolved [Fig. 1(e)]. This
second VIPA, having a nominal 98% reflectivity and a 15°
angle of incidence, also yields a VIPA system resolution of
600 MHz. Frequency scanning such a mode-resolved
comb will permit MIR spectroscopy at a resolution given
by the comb linewidth instead of the VIPA [7,11].

To detect trace amounts of a sample of interest, it is im-
portant to understand thenoise limits of the spectrometer.
Figure 2 summarizes our analysis of the noise and stability
of subsequent averaging of a 640 × 512 image of broad-
band MIR light centered at ∼3.1 μm. A data set consisting
of 1500 sequential VIPA images of the OPO spectrum was
collected with 35 μs integration time and 8.3 ms readout
time per image. The images were grouped into blocks of
averages (1, 2, 5, 10, 25, etc.) and we calculated ln�S1 ∕S2�
to quantify the noise between subsequent images S1 and
S2. The quotient S1 ∕S2 is approximately equal to 1� ε
(where jεj ≪ 1) such that ln�S1 ∕S2� � ε, which we refer
to as the effective absorption noise floor.

Figure 2 is a plot of the standard deviation of ε as a func-
tion of N averages. Notably, we verified that the fluctua-
tion in the noise floor of ∼5 × 10−4 between single
images is near the detector shot noise limit. This noise
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floor decreases as the square root of N , but quickly levels
off after five averages at an absorption value of ∼2 × 10−4.
We attribute this behavior to 1 ∕f noise (flicker) of the out-
put power of the laser system, whichwas confirmed by an
independent measurement of the amplitude noise of the
MIR light. Furthermore, illuminating only the camerawith
a thermal source (flashlight) of comparableMIRpower re-
vealed that the InSb array itselfwasnot responsible for the
flicker noise floor. In this case, we observed continued
square root of N averaging for an additional decade.
Quantifying the absorption noise floor allows us to pre-

dict the minimum detectable absorption coefficient αmin
of a gas sample when integrated over a given path length.
For example, with a 200 m multipass cell, the noise level
of ∼2 × 10−4 in a 42 ms data readout time (five averages)
would correspond to a sensitivity of αmin ≈ 1 × 10−8 cm−1.

The sensitivity could be further improved with a high-
finesse enhancement cavity [12].

Figure 3 shows results of preliminary spectroscopic
measurements. The average of 10 spectra (7 μs integration
time each, VIPA etalon angle fixed at 15°) is recorded from
a 20 cm sample cell containing a mixture of methane gas
(<1%) in N2 (300 Torr total pressure). The cell is subse-
quently evacuated, and the process is repeated to obtain
a background spectrum. Figure 3 (top) displays the result-
ing 2D spectrum after the background VIPA image is di-
vided by the sample image. Due to the finite size of the
InSb array, the grating is rotated to obtain a second set
of spectra to provide coverage across ∼210 nm of the
OPO bandwidth.

The VIPA FSR is evident in the 2D spectrum as the re-
peating pattern of peaks from top to bottom. This informa-
tion was used to provide an initial frequency axis for the
VIPA spectrum. Each VIPA stripe was linearized (pixel by
pixel, summing 5 pixels perpendicular to the stripe, given
by the 1 ∕e width of the stripe) and then the stripes are
concatenated end-to-end (after one FSR) to construct
the traditional lineout spectrum [top red curve in Fig. 3
(bottom)]. The bottom blue curve in Fig. 3 (bottom) is
a fit to the measurement based on peaks in the HITRAN
database. From each HITRAN line a Voigt profile is con-
structed with three fit parameters: center frequency, am-
plitude, and Lorentzian width (with a fixed Gaussian
width consisting of the Doppler width convolved with
the instrument response). The fit returned a partial
methane pressure of ∼1.2 Torr, with residuals across
the full spectrum in Fig. 3 (bottom) of RMS � 0.0017. This
value is presently dominated by uncertainties in the ab-
sorption cross-section of the gas, the instrumental line
shape response, unaccounted impurities in the sample,
and the convergence of the multiparameter fitting

Fig. 1. (Color online) (a) MIR light (OPO or cw source) is coupled into the imaging system through a 60 cm piece of air–core PCF
[10]. (b) Image of the broadband 100 MHz, 3 μm comb (gray) through the 97% reflectivity VIPA spectrometer (<10 μs integration
time); superimposed is a series of CW frequencies (spots) that are used to measure the resolution and FSR of the VIPA. (c) Single
lineout of a CW spot showing the 600 MHz spectrometer resolution. (d) Spectral resolution for different CW laser frequencies at 15°
(squares) and 23° (circles) incidence angles into the VIPA. (e) 2.0 GHz MIR frequency comb at 3.8 μm showing individual comb lines,
with a resolution across the image of 600 MHz at a 15° angle of incidence, using a 98% reflectivity VIPA.

Fig. 2. (Color online) Noise characteristics of the MIR VIPA
spectrometer obtained from a series of 1500 images. The stan-
dard deviation (SD) of the absorption noise, ε, is plotted versus
the number of spectra averaged. Top axes indicate the expo-
sure (integration) time and the real time required to read
out the image. Error bars were determined from repeated
measurements.
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algorithm itself. These issues will be important for more
quantitative VIPA-based spectroscopy and will be ad-
dressed in future work.
Finally, the rapid, broadband detection capability of a

VIPA spectrometer also enables time-resolved measure-
ments covering many spectral lines at the same time
[13]. To demonstrate this capability, we captured spectra
at a rate of ∼375 frames ∕s (320 × 320 pixels, 50 cm−1

bandwidth) as methane fills an evacuated 20 cm cell.
Figure 4(a) shows a subset of the methane lines, and
Fig. 4(b) focuses in on the time evolution of a single set of
lines using a false-color intensity plot. Displayed in this
way, one can see the absorption of each peak grow as the
pressure increases to ∼3 Torr. Figure 4(c) shows a fixed-
wavenumber slice centered on a single peak, demonstrat-
ing the rise from zero absorption to the full peak height.
To evaluate the sensitivity of the VIPA spectrometer for

dynamic spectroscopy, the difference between vertical
time slices through the 3D plot was calculated. These dif-
ferences provide information on the absorption change
between frames. In Fig. 4(d), the bottom red curve dis-
plays the difference between two subsequent spectra
(Δt � 2.67 ms). The main peak is readily detected, with
a signal-to-noise of ∼5 at this data capture rate. The top
blue curve is the difference of two images separated by
5.34 ms, where the S ∕N of the main peak is now ∼10
and the side peaks are clearly resolved above the noise.
We confirm that the noise level in this type of analysis
is similar to the first point on Fig. 2, with subtraction of
single images displaying absorption noise on the order
of 4.5 × 10−4. Beyond trace gas detection, wide-bandwidth
time-resolved spectroscopy and chemical dynamics are
additional potential applications of this system.
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Fig. 4. (Color online) (a) Lineout spectrum from a single
frame (320 × 320 pixels) of a 1500 frame movie of methane
gas entering a 20 cm gas cell (b) Zooming in to one set of
methane lines, a false color plot shows the absorption increas-
ing with time at a rate of 2.67 ms ∕frame. (c) The absorption of a
single methane line is monitored versus time. (d) Difference
(Δ) of absorption spectra from the VIPA image highlighting
the achievable detection sensitivity between 2 images sepa-
rated by 2.67 ms (red, bottom) and 5.34 ms (blue, top). Overlaid
is the 3 Torr methane spectrum (dashed).

Fig. 3. (Color online) (Top) Sample VIPA image (background/
signal) for a 20 cm cell with <1% CH4 in 300 Torr N2. Images
with two grating angles are concatenated to cover ∼210 nm of
the OPO bandwidth. (Bottom) Experimental lineout spectrum
(red, top). The blue (bottom) spectrum is a fit to the experimen-
tal data based on HITRAN line positions and strengths.
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